Introduction
============

Gastric cancer (GC) is the second leading cause of cancer-related deaths worldwide and imposes a major health burden due to its poor prognosis ([@b1-ijo-51-03-0967]). Although surgery is a relatively effective treatment option for GC, the 5-year survival rate is only 29% and the median survival rate is less than a year ([@b2-ijo-51-03-0967]). Various cytotoxic drugs, such as 5-fluorouracil, platinum and taxane, are treatment options, but drug resistance is significant. Thus, the effective management of advanced GC remains a significant challenge, especially for aggressive subtypes ([@b3-ijo-51-03-0967]), making the development of novel therapies targeting refractory and resistant cases an urgent need.

The expression of various oncogenic growth factors, such as epidermal growth factor receptor (EGFR) and ErbB2, is elevated in gastrointestinal carcinomas and is associated with poor prognosis and reduced overall survival ([@b4-ijo-51-03-0967]--[@b6-ijo-51-03-0967]). The overexpression of these proteins further activates downstream signaling pathways, such as phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK)/Erk pathways, that mediate oncogenic cellular proliferation, differentiation, angiogenesis, tumor metastasis and survival ([@b7-ijo-51-03-0967]). These proteins are client proteins of heat shock protein 90 (HSP90) which help facilitate them to escape normal proteolytic turnover and contribute to tumor development and survival ([@b4-ijo-51-03-0967]). Moreover, the overexpression of HSP90 and its client proteins has been associated with the development of GC and its clinicopathological features, such as tumor size, lymph node metastases and patient survival ([@b8-ijo-51-03-0967]). Hence, targeting HSP90 and, indirectly, its associated oncogenic client proteins is a promising anti-GC therapeutic strategy.

Ganetespib (STA-9090) is a resorcinol-based second generation HSP90 inhibitor with enhanced potency and a favorable safety profile as compared to geldanamycin derivatives ([@b9-ijo-51-03-0967]). In preclinical studies, ganetespib has demonstrated significant inhibition of cell proliferation and tumor growth in cell and xenograft models of multiple cancers ([@b9-ijo-51-03-0967]). Currently a number of ongoing clinical trials are investigating the effect of ganetespib in various cancers, including rectal, ErbB2^+^ metastatic breast, multiple myeloma and lung cancers ([@b10-ijo-51-03-0967]). Recently, Liu *et al* reported the efficacy of ganetespib in targeting EGFR-mediated GC in cell lines and xenograft models ([@b11-ijo-51-03-0967]). Still, further preclinical studies are necessary to fully elucidate other receptor tyrosine kinase (RTK) signaling pathways that may be involved in ganetespib-mediated inhibition of GC. In the present study, we demonstrate the efficacy of ganetespib in targeting multiple oncogenic pathways associated with RTK signaling in GC cells. Given the poor clinical outcomes associated with growth factor-mediated GC and the lack of effective GC therapeutics, ganetespib has the potential to be developed into a therapeutic agent for GC.

Materials and methods
=====================

Materials
---------

Ganetespib was purchased from Medkoo Biosciences, Inc. (Chapel Hill, NC, USA). Primary antibodies specific to Cyclin B1, cleaved caspase-3, cleaved caspase-8, cleaved caspase-9, cleaved PARP, Akt, phospho Akt (pAkt), mTOR, pmTOR, ErbB2, pErbB2, GSK3, pGSK3, Erk, pErk, Src and pSrc were purchased from Cell Signaling Technology (Danvers, MA, USA); and cyclin D1, cyclin E, Cdk1, E2F1, p27, survivin, caspase-8, caspase-9, EGFR and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary anti-mouse or anti-rabbit antibodies were purchased from Thermo Scientific (Rockford, IL, USA).

Cell culture
------------

Human AGS and N87 GC cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) (Life Technologies; Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 100 *µ*g/ml penicillin and 100 *µ*g/ml streptomycin at 37°C in a humidified incubator with a 5% CO~2~ atmosphere.

MTT assay
---------

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay (Sigma-Aldrich, St. Louis, MO, USA) was used to determine the cytotoxicity of ganetespib in different cell lines. AGS and N87 cells were seeded at a density of 1000 cells/well in a 96-well plate and incubated overnight. After 5 days of ganetespib treatment (0, 0.5, 1, 5, 10, 50 or 100 nM), MTT was added to the cells at a final concentration of 0.5 mg/ml. After 3 h of incubation with MTT, media was aspirated and 50 *µ*l of DMSO was added to each well and kept on a shaker for 45 min. The absorbance at 570 nm was then measured using a SynergyMx microplate reader (BioTek; Winooski, VT, USA). All samples were analyzed in five replicates. IC~50~ was calculated manually by linear interpolation using the formula: IC~50~ = \[(50−A) / (B−A)\] × (D−C) + C, where A = the first point on the curve, expressed as percent inhibition, that is less than 50%; B = the first point on the curve, expressed as percent inhibition, that is greater than or equal to 50%; C = the concentration of inhibitor that gives A% inhibition; and D = the concentration of inhibitor that gives B% inhibition ([@b12-ijo-51-03-0967]).

Clonogenic assay
----------------

Viable AGS and N87 cells were plated at a density of 300 cells/well and 1000 cells/well, respectively, and allowed to adhere overnight. Cells were treated with ganetespib (0, 1.25, 2.5, 5 or 10 nM) for 10 days. After 10 days, colonies were washed twice with phosphate buffered saline (PBS) and stained with 0.5% crystal violet (1:1 methanol: H~2~O) for 30 min at room temperature. The extra stain was aspirated, and the plates were washed with tap water and air dried. Colonies were counted and imaged with a digital camera mounted on a Nikon C-LEDS microscope.

Cell cycle analysis
-------------------

AGS and N87 cells were treated with ganetespib (0 and 500 nM) for 24 h in complete medium. Floating and adherent cells were collected, washed twice with cold PBS and centrifuged. Cells were then fixed in 70% (v/v) ethanol at −20°C. After centrifugation, cells were washed with cold PBS and stained with propidium iodide (PI) in RNase solution. After incubation for 45 min at 37°C, cells were strained with a 40 *µ*m filter and the cell cycle distribution was determined using a Guava EasyCyte 8 Flow Cytometer (Millipore; Billerica, MA, USA).

Apoptosis assay
---------------

Apoptosis was measured using an Annexin-V-Fluos Staining kit (Sigma-Aldrich) according to the manufacturer\'s protocol. Briefly, the AGS and N87 cells were treated with ganetespib (0, 25 or 50 nM) for 24 h. Then, the cells were harvested and washed with cold PBS. After staining with Annexin V-FITC/PI, the percentage of apoptotic cells was quantified using a Guava EasyCyte 8 Flow Cytometer (Millipore).

Western blotting
----------------

The protein concentrations of ganetespib-treated AGS and N87 cell extracts were determined using the BCA assay (Thermo Scientific). Protein from each sample (50 *µ*g) was resolved using SDS-PAGE and then transferred to a nitrocellulose membrane. The membranes were blocked in 5% non-fat milk in Tris-buffered saline with Tween (TBST) for 1 h, followed by overnight incubation in appropriate primary antibodies at 4°C. After washing, membranes were incubated in species-specific horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. After further washing, specific protein bands were detected with enhanced chemiluminescence reagents and imaged with a FluorChemE imager (Cell Biosciences; Santa Clara, CA, USA). β-actin was used as a loading control.

Quantitative RT-PCR (qRT-PCR)
-----------------------------

Total RNA was extracted from the treated cells and purified using an RNeasy mini kit (Qiagen; Germantown, MD, USA), as per the manufacturer\'s instructions. Purified RNA (1 *µ*g) was used to synthesize cDNA using iScript cDNA Synthesis kit (Bio-Rad; Hercules, CA, USA). The qPCR assay of triplicate samples was carried out on a Bio-Rad CFX96 system using SYBR green (Bio-Rad). The primer sequences used are as follows: CCNB1-forward primer (F)-GACAACTTGAGGAAGAGCAAGC, reverse primer (R)-ATGGTCTCCTGCAACAACCT; CCND1-F-GGCGGATTGGAAATGAACTT, R-TCCTCTCCAAA ATGCCAGAG; CCNE1-F-GAAATGGCCAAAATCGA CAG, R-TCTTTGTCAGGTGTGGGGA; CDK4-F-GTCGGCTTCAGAGTTTCCAC, R-TGCAGTCCACATATGCA ACA; CDKN1B-F-TGGAGAAGCACTGCAGAGAC, R-GCG TGTCCTCAGAGTTAGCC; and β-actin-F-GCACCACA CCTTCTACAATGAGC, R-GACGTAGCACAGCTTCTCC TTAATG. Relative mRNA levels were quantified based on the cycle threshold (Ct) values of the tested genes as normalized to the control β-actin gene.

Statistical analysis
--------------------

A Student\'s t-test for comparison of two groups was used for statistical analysis. Calculations were performed using GraphPad Prism software (GraphPad; La Jolla, CA, USA) and data were expressed as means ± standard error of the mean (SEM) of at least three independent experiments. A P-value of ≤0.05 was considered to indicate a statistically significant difference.

Results
=======

Ganetespib inhibits proliferation and colony formation in AGS and N87 cell lines
--------------------------------------------------------------------------------

Ganetespib inhibits the proliferation of various cancer cells at low nanomolar concentrations ([@b9-ijo-51-03-0967]). To evaluate the effects of ganetespib on GC cell proliferation, we utilized AGS and N87 human GC cell lines that express high levels of EGFR ([@b11-ijo-51-03-0967]) and ErbB2, respectively. AGS and N87 cells were treated with low concentrations of ganetespib (0, 0.5, 1, 5, 10, 50 or 100 nM) for 5 days to determine its effect on cell proliferation. MTT assay revealed that ganetespib dose-dependently induced significant cell growth inhibition in both AGS and N87 cell lines with IC~50~ of 3.05 and 2.96 nM, respectively ([Fig. 1A](#f1-ijo-51-03-0967){ref-type="fig"}). To confirm our results, a clonogenic assay was performed on AGS and N87 cells treated with ganetespib (0, 1.25, 2.5, 5, or 10 nM) for 10 days. Consistent with the MTT results, ganetespib also significantly inhibited colony formation at low concentrations (5 and 2.5 nM) in AGS and N87 cells, respectively ([Fig. 1B](#f1-ijo-51-03-0967){ref-type="fig"}). Together, these data indicate the anti-proliferative capacity of ganetespib in GC cell lines.

Ganetespib induces G2/M cell cycle arrest in AGS and N87 GC cell lines
----------------------------------------------------------------------

To further understand the anti-proliferative mechanism of ganetespib, we examined its effects on cell cycle progression in AGS and N87 cells. A high concentration of ganetespib was used in both cell lines to ensure significant inhibition of treated cells as compared to controls. Cell cycle analysis using flow cytometry indicated that ganetespib (500 nM for 24 h) induced a significant reduction in G0/G1 and S phase, which is indicative of a decreased proliferative cell population ([Fig. 2A and B](#f2-ijo-51-03-0967){ref-type="fig"}). Importantly, a significant accumulation of cells in G2/M phase was evident in both cell lines, but at different intensities. This suggests that ganetespib induces a specific pattern of cell cycle arrest in a cell line-specific manner and prevents entry into G0/G1 phase by potentially regulating the associated checkpoint regulators.

Various cell cycle regulators are involved in the progression of cells from one phase to another. To elucidate the mechanism of ganetespib-induced cell cycle arrest, we examined the expression levels of several key cell cycle regulators in cells treated with a range of ganetespib concentrations (0--1000 nM) for 24 h. In AGS and N87 cell lines, ganetespib downregulated the protein levels of E2F1, cyclin D1 and cyclin-dependent kinase 1 (Cdk1) ([Fig. 2C](#f2-ijo-51-03-0967){ref-type="fig"}). Notably, cyclin B1 and p27 were dose-dependently upregulated in both cell lines. This observation will be addressed in the Discussion. Consistent with the western blot data, qPCR analysis revealed that ganetespib also induces a significant increase in the mRNA levels of cyclin B1 (CCNB1) and p27 (CDKN1B) and a concomitant reduction in cyclin D1 (CCND1), cyclin E1 (CCNE1) and CDK4 mRNA expression in both cell lines ([Fig. 2D](#f2-ijo-51-03-0967){ref-type="fig"}). Taken together, these data suggest that ganetespib inhibits GC cell cycle progression by transcriptionally, as well as translationally, modifying key cell cycle regulators *in vitro*.

Ganetespib-treated AGS and N87 cells undergo apoptosis through the activation of mitochondrial and death receptor pathways
--------------------------------------------------------------------------------------------------------------------------

Apoptosis is a common mechanism of protein degradation associated with HSP90 inhibition ([@b13-ijo-51-03-0967]). To better understand the mechanisms of ganetespib-induced cell death in AGS and N87 cells, we used flow cytometry to determine the degree of apoptosis. To this end, the cells were treated with 0--50 nM of ganetespib for 24 h, followed by analysis of apoptotic cells using Annexin V/PI staining. Cells in the early apoptotic stage are detected by Annexin V^+^/PI^−^ staining, while cells in the late stages of apoptosis are marked by Annexin V^+^/PI^+^ staining. In [Fig. 3A and B](#f3-ijo-51-03-0967){ref-type="fig"}, ganetespib significantly increased the early apoptotic cell population, as compared to the untreated control cells, in both AGS and N87 cell lines. Of note, the percentage of cells in late stage apoptosis was only significantly increased in AGS cells ([Fig. 3B](#f3-ijo-51-03-0967){ref-type="fig"}). Although ganetespib did not significantly modify the percentage of cells in late stage apoptosis in N87 cells, ganetespib-induced early stage apoptosis was more striking. Together, these results markedly demonstrate that ganetespib induces cell death via apoptosis in GC cell lines.

Caspases are the mediators of drug-induced cell death and ultimate dissociation. In order to identify the key mechanism of apoptosis-mediated cell death with ganetespib treatment, we next examined the activation of caspases and PARP in ganetespib-treated cells. As in [Fig. 3C](#f3-ijo-51-03-0967){ref-type="fig"}, ganetespib induced remarkable cleavage of PARP (in N87 cells only) and caspase-3, which are common proteolytic markers of apoptosis. Importantly, ganetespib treatment resulted in significant accumulation of cleaved caspase-8 and caspase-9 ([Fig. 3C](#f3-ijo-51-03-0967){ref-type="fig"}), which are the apical caspases for death receptor and mitochondrial pathways, respectively. Moreover, ganetespib induced significant downregulation of survivin, an apoptotic antagonist, in both cell lines.

As we observed that ganetespib induced a significant increase in cleaved caspase-8 and -9 without corresponding decrease in zymogen levels, we examined the mRNA levels of caspase-8, caspase-9 and other apoptotic regulators, including Bcl-2, BIRC5 and MCL1. When the cells were treated with 50 nM ganetespib for 16 h, mRNA levels of caspase-8 and -9 significantly increased and mRNA levels of Bcl-2 and BIRC5 significantly decreased in both cell lines (data not shown), suggesting that ganetespib regulates apoptosis at both transcriptional and translational levels. In all, these data indicate that ganetespib promotes the apoptotic cascade at multiple regulatory levels.

Ganetespib substantially suppresses RTK signaling
-------------------------------------------------

Deregulation of RTKs, such as ErbB2 and EGFR, plays a critical role in GC development, including cell proliferation, angiogenesis and metastasis ([@b8-ijo-51-03-0967]). The role of ganetespib in inhibiting EGFR-mediated GC was previously revealed by Liu *et al* ([@b11-ijo-51-03-0967]). Therefore, we examined the effects of ganetespib (0--1000 nM) on the expression and activation of a series of markers representing different levels of the ErbB2 signaling cascade. We demonstrated that ganetespib remarkably down-regulates the activation/phosphorylation of ErbB2 in N87 cells and its downstream effector molecules Erk, Akt, mTOR, GSK3 and Src, indicating the inhibitory effect of ganetespib on the kinase activities of the RTK pathway ([Fig. 4A](#f4-ijo-51-03-0967){ref-type="fig"}). Importantly, total protein levels of ErbB2, Akt, GSK3 and Src were also significantly downregulated in ganetespib-treated cells. Although AGS cells do not express ErbB2, ganetespib treatment significantly reduced the activation/phosphorylation of Erk, Akt, mTOR, GSK3 and Src also in this cell line. To confirm that RTK/ErbB2 signaling inhibition is a critical mechanism of ganetespib-induced cellular responses, we used lapatinib, an EGFR/ErbB2 dual inhibitor, to suppress EGFR and ErbB2 kinase activity. Lapatinib and ganetespib induced similar effects on Erk and Akt activation/phosphorylation ([Fig. 4B](#f4-ijo-51-03-0967){ref-type="fig"}), which indicates that the inhibition of RTK signaling is necessary for the actions of both drugs. Noteworthy, the combined treatment of ganetespib (30 or 100 nM) + lapatinib (100 nM) synergistically enhanced the inhibition of Erk and Akt activation/phosphorylation. Thus, our data support that ganetespib effectively inhibits HSP90 client growth factors leading to RTK pathway inhibition and consequent cellular activities in GC cells.

Discussion
==========

HSP90 inhibitors have gained much attention over the last few decades owing to their role in targeting HSP90 client proteins, including Akt, Raf, Erk, ErbB2 and EGFR, that are involved in various cancers ([@b14-ijo-51-03-0967]). Due to solubility and toxicity issues, the first generation of geldanamycin-based HSP90 inhibitors were withdrawn from clinical trials, but they provided a proof of concept for targeting HSP90 in cancer. Promisingly, second generation HSP90 inhibitors exhibit more efficacy and less toxicity than the former inhibitors ([@b15-ijo-51-03-0967]). In particular, ganetespib (STA-9090) is a potent resorcinol-based second generation HSP90 inhibitor with a unique triazolone moiety and improved efficacy and safety profile, without hepatotoxicity and ocular toxicity, than earlier HSP90 inhibitors. Preclinical studies involving ganetespib, alone or in combination with other drugs ([@b16-ijo-51-03-0967]), reported improved efficacy and cytotoxicity in various hematological and solid tumors, including those with mutant kinases, such as B-RAF, EGFR and c-KIT ([@b9-ijo-51-03-0967],[@b17-ijo-51-03-0967],[@b18-ijo-51-03-0967]). The antitumor effects of ganetespib are attributed to its ability to inhibit cell growth via cell cycle arrest, apoptosis and PI3K/Akt, MAPK/Erk, mTOR and JAK2/STAT3 signaling inhibition ([@b9-ijo-51-03-0967]).

In ErbB2-amplified breast cancer cell and xenograft models, ganetespib has demonstrated potential as a monotherapy or in combination with other drugs, such as trastuzumab, to prevent tumor resistance and regression ([@b19-ijo-51-03-0967]). In addition, ganetespib has exhibited greater efficacy than first generation inhibitors in degrading HSP90 client proteins after short exposure ([@b10-ijo-51-03-0967]). The ability of ganetespib to inhibit multiple targets of growth and survival pathways, especially the cell cycle and apoptosis, makes it an attractive strategy that can be used to prevent advanced GC, including ErbB2-amplified and mutant EGFR subtypes. Thus, in the present study, we investigated the effects of ganetespib treatment on AGS and N87 human GC cell lines. Our results determined that ganetespib inhibits cell proliferation ([Fig. 1](#f1-ijo-51-03-0967){ref-type="fig"}), induces G2/M cell cycle arrest ([Fig. 2](#f2-ijo-51-03-0967){ref-type="fig"}) and activates both cell death receptor- and mitochondria-mediated apoptotic pathways ([Fig. 3](#f3-ijo-51-03-0967){ref-type="fig"}), alongside inhibition of RTK and PI3K/Akt/MAPK signaling ([Fig. 4](#f4-ijo-51-03-0967){ref-type="fig"}) in AGS and N87 GC cells.

HSP90 client proteins include several proteins involved in cell cycle regulation and progression, such as Cdk1, Cdk4, cyclin D, cyclin B and survivin. These client proteins play important roles in driving mitogenic processes, as well as in G1/S, G2/M and spindle checkpoint controls ([@b20-ijo-51-03-0967]). HSP90 inhibition can thus induce both G1/S and G2/M cell cycle arrest. The majority of the first generation HSP90 inhibitors have been reported to induce G1 cell cycle arrest in cancer cells. As such, geldanamycin and its derivative, 17-AAG, cause Rb-dependent G1 arrest in breast cancer cells, which is associated with downregulation of cyclin D ([@b21-ijo-51-03-0967]). In our study, our data indicate that ganetespib inhibits cell proliferation by inducing cell cycle arrest in G2/M phase with significant upregulation of cyclin B1 and p27 at both transcriptional and translational levels and concurrent downregulation of Cdk1, cyclin D1 and cyclin E proteins, CDK4 (mRNA) and transcription factor E2F1. Cyclin B1 and Cdk1 are major regulators of G2/M cell cycle checkpoint and their interaction triggers the entry into the mitotic phase ([@b22-ijo-51-03-0967],[@b23-ijo-51-03-0967]). Although increased p27 levels are associated with G0/G1 arrest, we do not see an accumulation of cells in G0/G1 phase.

Earlier studies have shown that in mitogen-starved states, upregulated p27 can directly bind to cyclin B1 and block the progression through G2/M phase ([@b22-ijo-51-03-0967],[@b24-ijo-51-03-0967],[@b25-ijo-51-03-0967]). Therefore, the overexpression of p27 that we observed in our study might be accompanied by the blocking of cyclin B1 to induce G2/M arrest. Nevertheless, further studies are required to understand the role of elevated p27 and cyclin B1 levels in the current scenario. Liu *et al* recently reported that G2/M cell cycle arrest in ganetespib-treated MGC-803 GC cells was associated with decreased cyclin B1, Cdk1 and Chk1 levels ([@b11-ijo-51-03-0967]). Specifically, this ganetespib-induced reduction in cyclin B1 expression in MGC-803 cells is inconsistent with our findings in AGS and N87 GC cells ([Fig. 2](#f2-ijo-51-03-0967){ref-type="fig"}), suggesting cell line-specific effects of ganetespib on cell cycle regulation. Thus, we show that ganetespib induces G2/M cell cycle arrest in AGS and N87 cell lines with concomitant increases in cyclin B1 and p27 levels. Additional studies are required to fully understand the potential cell-specific mechanisms of ganetespib.

The cell cycle arrest induced by most HSP90 inhibitors advances the cells towards programmed cell death ([@b20-ijo-51-03-0967]). In this study, we found that ganetespib-induced G2/M cell cycle arrest initiated a signaling cascade leading to apoptosis in both AGS and N87 cell lines. Our results demonstrated a dose-dependent increase in early phase apoptosis in AGS and N87 cell lines and an increasing trend for late phase apoptosis in AGS cells, but not in N87 cells ([Fig. 3](#f3-ijo-51-03-0967){ref-type="fig"}). Since PI^+^ cells can also be undergoing necrosis ([@b26-ijo-51-03-0967]), late phase apoptosis may not be the most accurate indicator of continued apoptosis in cells. To further investigate the mechanism of ganetespib-induced apoptosis, we evaluated different proteins involved in caspase-mediated apoptotic pathways. Our results showed an increase in cleaved caspase-3, -8 and -9 along with cleaved PARP (only in N87 cells), which are indicative of the activation of both cell death receptor- and mitochondria-mediated apoptotic pathways. Also, survivin, an anti-apoptotic marker, is decreased in both cell lines, which provides additional evidence of apoptotic induction. The variation in the c-PARP levels between the AGS and N87 cell lines tested in our study could be due to the short treatment time of ganetespib (24 h) as compared to earlier reports that showed increased c-PARP levels after 48 or 72 h of treatment ([@b11-ijo-51-03-0967]). Thus, our data also suggest the increased sensitivity of N87 cells, as compared to AGS cells, to ganetespib after a short exposure time. Taken together, our results support the activation of both cell death receptor- and mitochondria-mediated apoptotic pathways in ganetespib-treated GC cells.

RTK-mediated signaling pathways are activated downstream of various HSP90 client proteins, including ErbB2, EGFR and VEGF, and are thus sensitive to HSP90 inhibition. These pathways, including PI3K/Akt and MAPK/Erk, are effectively suppressed by various HSP90 inhibitors \[such as 17-DMAG ([@b27-ijo-51-03-0967]), NVP-AUY922 ([@b19-ijo-51-03-0967]) and LD053 ([@b28-ijo-51-03-0967])\] thereby inhibiting targets associated with cell proliferation, survival and invasion ([@b8-ijo-51-03-0967]). Our study revealed that ganetespib treatment in GC cells (ErbB2 expression was only detected in N87 cells and not detected in AGS cells) downregulates both ErbB2 activation/phosphorylation and its downstream signaling effector molecules, including Erk, Akt, mTOR, GSK3 and Src ([Fig. 4](#f4-ijo-51-03-0967){ref-type="fig"}). ErbB2 is one of the most sensitive client proteins of HSP90, making various HSP90 inhibitors remarkably effective in downregulating ErbB2-mediated signaling.

NVP-AUY922 is a potent HSP90 inhibitor that has shown efficacy in preclinical models of ErbB2-amplified, trastuzumab-resistant GC by degrading ErbB2, Akt and Erk and subsequently suppressing downstream Akt-mediated signaling ([@b19-ijo-51-03-0967],[@b29-ijo-51-03-0967]). Similarly, another HSP90 inhibitor, LD053, exerts its anti-proliferative effects by promoting the dissociation of the HSP90-Cdc37 complex, degrading c-Raf and inhibiting Akt-mediated c-Raf/Mek/Erk and PI3K/Akt signaling ([@b28-ijo-51-03-0967]). Ganetespib is also shown to inhibit HSP90-p23 complex formation, thereby inhibiting HSP90-driven client proteins, including mutant EGFR, mutant ErbB2, KRAS and associated downstream signaling pathways in mutant ErbB2-driven non-small cell lung cancers ([@b30-ijo-51-03-0967]). EGFR-mediated inhibition of PI3K/Akt, Ras/Raf/Erk and JAK/STAT pathways was also reported in GC cell and xenograft models ([@b11-ijo-51-03-0967]). Our results further support these data and demonstrate inhibition of PI3K/Akt and MAPK/Erk signaling downstream of EGFR and ErbB2 in GC cells, suggesting that the signaling regulation by ganetespib may target both EGFR- and ErbB2-mediated pathways and subsequently modulate the associated downstream oncogenic signaling.

Despite multiple clinical trials that have reported a promising safety profile for ganetespib in the treatment of non-small cell lung cancer and metastatic breast cancer, the clinical application of ganetespib remains uncertain due to marginal changes in patient outcomes ([@b31-ijo-51-03-0967]--[@b33-ijo-51-03-0967]). Nevertheless, in support of our current study and previous reports indicating that EGFR and/or ErbB2-overexpressing cancer subtypes may be more responsive to ganetespib, an ongoing phase I clinical trial is designed to test ganetespib in combination with other therapeutic agents in ErbB2^+^ metastatic breast cancer patients ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT02060253). To further extend the clinical potential of ganetespib, our study helps to form the foundation for future preclinical studies and ultimately clinical trials exploring the application of ganetespib as a monotherapy or combinational therapy for EGFR^+^/ErbB2^+^ gastric cancer patients.

Overall, our studies in AGS and N87 human cell line models of GC indicate the effectiveness of ganetespib in inhibiting proliferation and colony-forming ability of cells by inducing G2/M cell cycle arrest and apoptosis. The anticancer capacity of ganetespib was further corroborated by the inhibition of ErbB2/RTK and downstream PI3K/Akt/MAPK signaling pathways. Thus, our data provide additional mechanistic insights into the activity of ganetespib and support its clinical development for effective treatment of EGFR^+^/ErbB2^+^ GC.
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![Ganetespib inhibits GC cell proliferation *in vitro*. (A) The cytotoxic potential of ganetespib was assessed in AGS and N87 cells after 5 days of ganetespib treatment (0, 0.5, 1, 5, 10, 50 or 100 nM) using MTT assay. IC~50~ values were calculated as detailed in Materials and methods. (B) The growth potential of AGS and N87 cells in the presence of ganetespib (0, 1.25, 2.5, 5 or 10 nM) for 10 days was assessed using clonogenic assay. Representative images of the crystal violet-stained colonies are shown.](IJO-51-03-0967-g00){#f1-ijo-51-03-0967}

![Ganetespib induces G2/M cell cycle arrest in GC cells. (A and B) AGS and N87 cells were treated with ganetespib (0 or 500 nM) for 24 h, stained with PI and analyzed for cell cycle distribution using flow cytometry. Representative images of flow cytometry plots are shown in (A). The percentage of cells in G0/G1, S and G2/M are graphed in (B). (C) AGS and N87 cells were treated with ganetespib (0, 10, 30, 100, 300 or 1000 nM) for 24 h, followed by western blot analysis of key cell cycle regulators. (D) Relative mRNA levels of the indicated cell cycle regulators were quantified in AGS and N87 cells treated with ganetespib (0 or 50 nM) for 24 h. All values are graphed as the means ± SEM (^\*^P≤0.05, ^\*\*^P≤0.01 as compared to untreated controls).](IJO-51-03-0967-g01){#f2-ijo-51-03-0967}

![Ganetespib induces apoptosis in GC cells. (A and B) Apoptosis in AGS and N87 cells after treatment with ganetespib (0, 25 or 50 nM) for 24 h was measured using Annexin V/PI staining. Representative flow cytometry plots are shown in (A). The percentage of cells in early (Annexin V^+^/PI^−^) and late (Annexin V^+^/PI^+^) apoptosis are graphed in (B). Data are the means ± SEM (^\*\*^P≤0.01 as compared to the corresponding untreated controls) for three replicates. (C) Ganetespib-treated (0, 10, 30, 100 or 300 nM for 24 h) AGS and N87 cells were analyzed using western blotting of apoptotic markers.](IJO-51-03-0967-g02){#f3-ijo-51-03-0967}

![Ganetespib suppresses RTK signaling in GC cells. (A) AGS and N87 cells were treated with ganetespib (0, 10, 30, 100, 300 or 1000 nM) for 16 h and then were analyzed for protein expression of key markers of the RTK pathways using western blotting. (B) AGS and N87 cells were also treated with lapatinib (0, 10, 100 or 1000 nM) +/− ganetespib (0, 10, 30 or 100 nM) for 16 h, followed by western blotting of the indicated RTK pathway markers.](IJO-51-03-0967-g03){#f4-ijo-51-03-0967}
